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Abstract 

This letter deals with the opportunistic beamforming (OBF) scheme for multi-antenna downlink with 
spatial randomness. In contrast to conventional OBF, the terminals return only 1-bit feedback, which is 
powered by wireless power transfer through a rectenna array. We study two fundamental topologies for 
the combination of the rectenna elements; the direct-current combiner and the radio-frequency combiner. 
The beam outage probability is derived in closed form for both combination schemes, by using high 
order statistics and stochastic geometry. 


Index Terms 

Opportunistic beamforming, spatial randomness, wireless power transfer, antenna array, outage 
probability. 


I. Introduction 

Opportunistic beamforming (OBF) is a robust communication tool, which exploits multi¬ 
user diversity to achieve full multiplexing gain [|Tj], [El- OBF requires a continuous feedback 
mechanism of the achieved beam signal-to-interference-plus-noise ratio (SINR) in order to to 
assign the orthonormal beams to the corresponding terminals. Although conventional studies 
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assume homogeneous networks without path-loss effects, the authors in [j3]| study OBF for 
networks with location randomness and perfect SINR feedback. 

On the other hand, wireless powered communication (WPC) is a new energy solution for 
the future autonomous and self-sustainable networks 0-[l6l|. It refers to terminals that have the 
capability to power their operations by the received electromagnetic radiation. The fundamental 
block for the implementation of this technology is the rectifying-antenna (rectenna), which 
is a diode-based circuit that converts the radio-frequency (RF) signals to direct-current (DC) 
voltage 0]. Typically, a single rectenna is not sufficient to support reliable terminal operation. 
Alternatively, properly interconnecting several rectennas could ensure sufficient rectification [J8]l. 
This interconnection can be done in the DC or the RF domain; the DC-combiner requires a 
rectification circuit at each antenna element, while the RF-combiner corresponds to a single 
rectification circuit. 

In this letter, we study these two fundamental rectenna array configurations for the multi¬ 
antenna downlink channel with OBF and spatial randomness. The terminals power their feedback 
channel from a power beacon (PB) that broadcasts energy using a separate frequency band. In 
order to respect the doubly near-far problem associated with WPC 0, terminals can only return 
1-bit feedback, which shows the outage status for a preassigned beam [[91. The beam outage 
probability is derived for both rectenna array configuration, by using high order statistics and 
stochastic geometry tools. To the best of authors’ knowledge, the current letter is the first to 
analytically investigate OBF with 1-bit feedback and spatial randomness as well as the impact 
of rectenna array configurations on WPC. 

II. System model 

We consider a single-cell WPC scenario with multiple randomly deployed terminals, where 
the coverage area is modeled as a disc of radius p. An access point (AP) and a PB, operating in 
different frequencies, are co-located at the origin of the disc with an exclusion zone of radius £ 
around them [0; B denotes the coverage area of interest. The location of the terminals is modeled 
as a homogeneous Poisson point process (PPP) $ with intensity A. The AP and the terminals 
are equipped with M and N antennas, respectively, while the PB has a single transmit antenna; 
all antennas are omnidirectional. The terminals have wireless power transfer (WPT) capabilities 
and can harvest energy from the PB’s transmitted signals through a rectenna array configuration 
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with L elements. Time is slotted and the RF energy harvested cannot be stored for future use 
(batteryless architecture i.e., the energy harvested during the t-th slot is immediately used e.g., 
S, ifTOll . IfTTlD . 1-bit feedback is available from the terminals to AP; a random single antenna is 
used for the transmission and the reception of the feedback channel (more sophisticated antenna 
selection schemes cannot be applied due to the considered unfaded uplink channel model). 

A. Channel model 

We assume that wireless links suffer from both small-scale block fading and large-scale 
path-loss effects. The fading is Rayleigh distributed so the power of the channel fading is an 
exponential random variable with unit variance; hk^j is the channel coefficient for the link 
between the k -th AP’s transmit antenna and the j -th receive antenna for the /-th terminal; 
g h j = g t J |is the channel coefficient for the link between the PB and the j-th rectenna of 
the i-th terminal. The received power is proportional to d~ a where di is the Euclidean distance 
between the AP/PB and the z-th terminal, a > 2 denotes the path-loss exponent. In addition, all 
wireless links exhibit additive white Gaussian noise (AWGN) with variance a 2 ; n i} j denotes the 
AWGN at the j-th receive antenna for the /’-terminal. We assume an unfaded AWGN channel for 
the feedback link which only suffers from path-loss attenuation lfl2l . Ifl3l : this model highlights 
the impact of the doubly near-far problem on the achieved performance and simplifies our 
analysis. 

B. Data communication 

The AP applies an OBF strategy and in each time slot it serves selected users; to do that, it 
generates M isotropic distributed random orthonormal vectors {mx,..., u M } with u rn e C Mx 1 , 
which represent the beams that are used in order to transmit the M information streams. By 
omitting time index and carriers, the baseband-equivalent transmitted signal is given by 


M 




(i) 


m= 1 


where E| | |u| | 2 = M, and s m is the m-th transmitted symbol. The signal received at the j-th 
antenna of the /-th terminal is given by 



( 2 ) 
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where hfj = [h \ :?J -...., h M ,i,j], Pt denotes the AP’s transmitted power. The SINR for the l -th 
beam at the j-th receive antenna of the z-lh terminal is equal to 


P _ 

1 d\ 


KM 


\M 


P t + \"'i,j u " m I 

Each terminal employs a selection combiner (SC) O in order to keep the complexity low (i.e., 
1 RF chain) and therefore the achieved SINR for the l -th beam at the z-lh terminal is given by 


I hPu r 


(3) 


Yu = max Fiji. 

1 <j<N 


(4) 


C. WPT operation 

The PB operates in a separate frequency band in order to avoid interference with the com¬ 
munication links Q. The transmitted RF signal at the t-th time slot is given by 

s(t) = v^3fJ{^(f)e^ /t }=x/2nK{e jl2ff/t+argx(t)] } , (5) 

where 9ft{A} denotes the real part of z, Ph = E[s 2 (t)] is the PB’s transmit power, / denotes the 
carrier frequency, and x(t) is a modulated energy signal with x(t)\ 2 = 1. The received signal 
at the j-th antenna of the z-th terminal is given by 

ViM = \/ 2 Phd7 a \gi,j{t)\M 

= \j2P h d~ a \gij(t)\cos (2vr ft + argx(t) + 9 itj (t)) , (6) 

where WPT from AWGN is considered negligible and thus can be ignored Rl. If5l. 


III. WPT- Rectenna array configurations 

Each terminal is equipped with an array of L elements in order to boost the rectification 
process. The interconnection of these elements can be performed in the DC or the RF domain. 


A. DC-combiner 

In the DC-combiner topology (see Fig. [Qa)), each element operates in an independent way 
and has its own rectification circuit in order to harvest DC power. The DC currents at the output 
of each rectifier are combined (simple addition) in order to generate an aggregate DC current, 
which is the final input to the application. More specifically, the output current of the Schottky 
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Fig. 1. Rectenna array architectures for WPT with L antenna elements; (a) DC-combiner, (b) RF-combiner. 


diode for the j-th antenna element of the i-th terminal is given by Shockley’s diode equation 

m 


kiit) 


I s I e ^ v t 



(7) 


where I s denotes the reverse saturation current of the diode, // e [1 2] is an ideality factor 
(function of the operating conditions and physical contractions), and V T is the thermal voltage; 
the RHS in ([7]) is based on the Taylor series expansion of an exponential function. The low 
pass filter (LPF) at the output of each diode eliminates the harmonic terms (k > 2) in order to 
produce a relatively smooth DC current i.e., 


/.° c (i) = kht d 7° p <>\siAt)l (8) 

The DC combiners adds together the L DC components in order to produce a total DC current 
given by 




3 = 1 


e d l s P h d i “ 

kv T y 


L 


\9i,j(t)\’ 

3 =1 


(9) 
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where e c i denotes the efficiency of the DC combining circuit |[S]|. The total harvested DC power 
is a linear function of J,p c (t) and is written as 


P?{t) = C d i? c (t) 


c d e d I s P h d~ a 

^v T y 


L 


DsyMi 2 . 

3 =1 


( 10 ) 


where Q denotes the conversion efficiency for the DC-combiner topology; we define G = 

(fiV T ) 2 ff 2 
Cd e d,IsPh 


B. RF-combiner 


The RF-combiner topology (see Fig. |TJb)) requires only one rectification circuit and combines 
the antenna inputs in the RF domain. This combination does not requires any intelligence and 
passively adds the L signals before the rectification process i.e., 

L 

Vi(t) = *£«*(*) 

3 = 1 

= ^2P h d; a e r n |eJ[^/H-arg*(t)] I^j(f)|e^ (t) | 

= \J 2P h d~ a \ci{t)\e r cos (27 t ft + argx(t) + 9i(t)) , (11) 


where e r denotes the efficiency of the RF combining circuit f8j, and YLj=i\9i,j(t)\ e3e *’ j ® = 
|cj(t)|e j6,i ^l is a circularly-symmetric complex Gaussian random variable with zero mean and 
variance L. This combined signal is the input to the single Schottky diode; by removing the 
harmonic terms (k > 2) through LPF, the DC output and the associated harvested DC power are 
given by 




e r IsP h di a 

(dV T y 


Ci(t)\, 


pm =c,j, n m = <re fv h S‘' \m\ 2 , 

(/iVr) 


( 12 ) 

(13) 


where Q r is the conversion efficiency for the RF-combiner topology; we define Y = 


{fJ,V T ) 2 (T 2 

Cr^rlsPh 


IV. OBF WITH 1-BIT FEEDBACK 

The main problem in the OBF scheme is the assignment of the M beams to M selected 
terminals; this assignment requires a feedback of the achieved SINR for each beam from all 
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terminals. Based on the received feedback, the AP allocates each beam to the terminal with the 
highest SINR in order to maximize the sum rate. However, this feedback channel refers to the 
transmission of a high amount of information, which requires significant system resources such 
as bandwidth and power. In the considered WPC setup, the terminals have not their own power 
supply and harvest energy from the PB’s RF signal in order to power their feedback transmission. 
Due to the small efficiency of the WPT process and the associated doubly near-far problem, we 
squeeze the feedback channel into 1-bit @. In this case, the main steps of the OBF scheme are 
summarized as follows: 

• The AP broadcasts the M beamforming vectors to the terminals. 

• Each terminal measures the SINR for only one beam, randomly assigned to it by the AP. 
The measured SINR is compared to the target SINR value A (function of the quality- 
of-service); 1-bit represents whether or not is above the threshold. 

• Each terminal harvests energy through the rectenna array configuration. If the harvested 
energy is sufficient (i.e., uplink is not in outage), the terminal transmits 1-bit feedback to 
the AP, otherwise remains inactive. 

• Based on the received feedback, the AP randomly assigns each beam to one terminal among 
those who have signaled a SINR on the corresponding beam above the threshold. If none 
terminal returns a positive feedback for a specific beam, assignment is performed randomly. 

A. Beam outage probability 

A beam is in outage when the achieved SINR is less than a target SINR A; we study the 
outage performance of the Z-th beam, without loss of generality. In order to derive the outage 
probability, we firstly state the following proposition. 

Proposition 1. The terminals participating in the beam selection of the l-th beam form a 
homogeneous PPP with an intensity 



(14) 



Ma(p 2 - 


(15) 


for the DC-combiner and the RF-combiner, respectively. 
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Proof: Since each terminal is preselected to observe a specific beam in a random way, 
the terminals which observe the Z-th beam form a PPP <1> ; with intensity A/ = A/M (thinning 
operation lfT5Tn . 

A terminal becomes active only when the harvested energy at the Z-th time slot ensures the 
successful decoding of 1-bit information in the uplink. This means that the Shannon capacity of 
the uplink between the terminal and the AP is higher than 1 bits per channel use. For the Ath 
terminal, this condition is expressed as 

log 2 (i + > i =* rf(t) > (i6) 

where Q e {D,R}. For the DC-combiner topology, the probability that the z-th terminal is idle 
can be written as 


n D = P{ff (t) < dy 2 } =F{Z < Gd 2a } 

-yL,Gd 2 «)] y f p 7 (L, Gr 2a ) 


= E 


= 1 


= 1 - 


F (L) 


fd(r)rdrdd 


L -1 

E 


Jo 

G m r P 


p 2 -e^\r(m + l) Js 


r (L) 

e ~Gr 2a r 2am+ld r 


«(P 2 - £ 2 )G 


L—l 

rE 

“ n 

m =0 


T(m + lGe a )-T(m + ^Gp 2a ) 
r (m + 1) 


(17a) 

(17b) 


where Z = , <j 7 J \ 2 is a central chi-square random variable with 2 L degrees of freedom; the 

cumulative distribution function (CDF) of Z is F z {x) = ^(L,x)/T(L), where 7 (a,x) denotes 
the lower incomplete gamma function lfl6l and T(x) denotes the Gamma function; fd(x) = 
1 /tt (p 2 — ^ 2 ) denotes the probability density function of each point in B; (I17al) is based on lfl6l 
8.352] and (I17bl) uses the expressions in llT 6 l 3.381]. 

For the RF-combiner topology, the probability that the z-th terminal is not able to return a 
feedback is written as 


n K = P{Ff (t) < dy 2 } = F{Z 1 < Ydf} 

/>27T np 


= E 


1 — e 


= 1 - 


_X r 2c 

e l 


fd(r)rdrd9 


= 1 - 


r (hW a ) ~ r Mp 2a ) 


a(p 2 - £ 2 ) 


Y « 


(18) 
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where Z x = |cj(f)| 2 is an exponential random variable with parameter 1 /L and a CDF equal to 

F Zl (x) = 1 — e~ x ! L . 

By using thinning transformation, the terminals which feed 1-bit for the Z-th beam form a 
homogeneous PPP <3>p with intensity Ap = A/(l — II s ). Substituting the above expressions, the 
proposition is then proved. ■ 

According to the proposed OBF scheme, for the Z-th beam, an outage event occurs when 
none terminal returns a positive feedback for the achieved beam SINR and the link (if any) 
between the AP and the random selected terminal is in outage. The case where all terminals 
return a negative feedback is equivalent to the case where the maximum achieved beam SINR 
(among the terminals which feed 1-bit) is lower than the requested threshold. For the beam 
outage probability, we state Theorem [T] 


Theorem 1. The beam outage probability for the l-th beam and the Q combiner (Q e {D,R}) 
is given by 

pQ _ -A i S 7r(p 2 -^ 2 )(l-F r (A)) 

1 out c 


3 -(w- x ?Mp 2 -^ 2 ) + ^i - e _( ^ _A i Q)7r(p2_?2) j F r (A) 


(19) 


where Fy (x) is defined in (1211) . 


Proof: The CDF of the observed beam SINR for a given path-loss value d is written as [0 


Fr(x\di = d) = 


N 


e n 


(x + 1) 


M—l 


( 20 ) 


with expectation over d, the observed beam SINR has a CDF given by 


Fr(x) = 


p2tt 

r 

xr a 

1 6 Pt 

L 

h 

( X+ 1)M-J 


N 


= 1 + 


2 N 


?)'£ 


fd(r)rdrdd 

n\ (-iy 


«(P 2 - ^ 2 ) V x J mi(x + l) m ( tf -i) 


x 


^ 2 im( c 


2 xmp° 

1 


( 21 ) 


« p t 

where (I2TI) uses the binomial theorem as well as the expressions in lfl6l 3.381]. On the other 
hand, let’s assume that n terminals are able to return a feedback to the AP. By using high order 
statistics, the CDF of the maximum beam SINR i.e., = maxi<j< n T it i, conditioning on n and 
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path-loss values is written as 

n 

F r .(x|n,rfi,... ,d n ) = ]^F r (x|di). (22) 

Z=1 

With expectation over the path-loss values, we have 

= [Fr{x)] n . (23) 

The beam outage probability for the Z-th beam and the Q combiner is expressed as 


Fr* (x\n)= 


zn pp 



F r (x\r)f d (r)drdd 


Jo 


= E{r; < A|4>p}E{r, < A|*«} 


= ^P{r;< A|n}P{JV» f (B) = n} 

n =0 


X 


P{iV (B) = 0} + P{iV(3) > o}P{r, < A} 


(24) 


with 


¥{N W (B) = 0} = 

oo 

y]P{r; < A|n}P{JV t a(B) = ra} 

72—0 


oo 


= £ 

n =0 


e -Api»| (Af |£|Fp(A)) n 


= e -A z e |B|(l-F r (A)) 


(25) 


(26) 


where <3>p denotes the complementary homogeneous PPP with intensity Ap = A/I I 2 , which is 
formed by the terminals that are not able to return 1-bit feedback; Nz{B ) denotes the number 
of terminal in B for a PPP Z, and \B\ = n(p 2 — £ 2 ). By substituting (I2TT) . (1251) . (1261) into (1241) . 
we prove the statement. ■ 


Remark 1. For Pt,Ph oo, //z<? beam outage probability for both combination schemes 
asymptotically converges to 

Pout = e -^pp-e)(i-Fp(A))^ (27) 

where F£°(x) = [1 — l/(x + l) 1 ^ -1 ]^. 

Proof: For P t , P h —> oo, all the terminals successfully transmit 1-bit feedback and thus 
Ap —> A i. Remark Q] can be straightforwardly obtained from P oul = E{T* < A|<T>/}. ■ 
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Fig. 2. Outage Probability versus the transmit power with Pt = Ph\ f = 2 m, p = 10 m, I a = 1 mA, fi = 2, Vt = 28.85 
mV, Cd = Cr- = 0.9, e r = 1, e d = {1,0.5}, a 2 = -10 dBm, a = 3, M = 2, N = {2, 6}, L = {4,15}, A = 10 dB, and 
A = 0.1; the dashed lines represent the theoretical results. 


V. Numerical results and discussion 

Fig.Oplots the beam outage probability versus the transmit power for both RF/DC combination 
schemes; the random beamforming (no feedback) and the full-feedback OBF [[2] (terminals feed 
SINR information for all beams) are used as benchmarks. The first main observation is that the 
proposed 1-bit OBF significantly outperforms random assignments. The associated gain increases 
as the number of receive antennas N increases (receive diversity). On the other hand, it can be 
seen that the beam outage probability performance is improved as L increases for moderate values 
of Ph (see the case with N = 2). As the size of the rectenna array increases, the terminals harvest 
more energy and therefore return 1-bit feedback with a higher probability. 

As for the combination topologies, it can be seen that the DC-combiner outperform the RF- 
combiner for the ideal case with = e r = 1 e.g., gain of 3 dB for P t = 50 dB and N = 6. 
However, the performance of the combination schemes and their suitability highly depend on 
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the quality of the associated combining circuits. We can observe that the RF-combiner achieves 
a lower outage probability than the DC-combiner when e r — l and e,i = 0.5 (see the case 
with N = 6). Therefore, the designer should carefully take into account the insertion losses of 
the combining circuits in order to select the best configuration. For high values of P t , Pp both 
combination schemes converge to the same outage probability floor, in accordance to Remark [Q 
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